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h i g h l i g h t s
 Synthesis of tin based hydrocarbon nanoparticulate composite electrodes.
 Vinylene carbonate in the electrolyte improves the electrochemical performance.
 A polymeric SEI, detected by XPS, is the reason for the improvement.
 The evolution of reactions occurring during cycling are traced by XRD.
 An explanation for different cycling behavior at varying current density and temperature is presented.
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a b s t r a c t
Tin represents a promising material to increase the speciﬁc capacity compared to the state of the art
graphite anodes in lithium ion cells. The aim of this work is to explain the electrochemical behavior of
tin based hydrocarbon nanoparticulate composite electrodes, synthesized by means of a microwave
plasma technique without any binder or slurry process. A comprehensive electrochemical character
ization shows that adding vinylene carbonate (VC) to the electrolyte improves the electrochemical
performance. Electrochemical impedance spectroscopy (EIS) and post mortem investigations of the cycled
electrode material by X ray photoelectron spectroscopy (XPS) reveal the formation of a polymeric SEI
during the ﬁrst cycles, being responsible for the improvement. The differential capacity plots of the
discharging process show that the lithium richest phase (Li22Sn5) is formed during electrochemical
loading. A comprehensive characterization with specially designed electrochemical tests ﬁnally dem
onstrates the decrease of capacity with increasing temperature. This is due to intensiﬁed mechanical
stresses and a fresh SEI formation. Due to destruction of the electrode material degradation is also
observed with increasing current density. The SEI layer on the surface of the electrodes is conﬁrmed by
scanning electron microscopy (SEM) investigations and energy dispersive X ray spectroscopy (EDS)
elemental mapping.
1. Introduction
Owing to their high energy density, long cycle life and envi
ronmental safety characteristics, lithium ion cells have taken the
most important role in the energy storage. Graphite anodes are
currently state of the art in lithium ion cells with a speciﬁc capacity
of 372 mAh g1. The demand for materials with higher capacity
increases and so today’s research is still in search of useful material
systems to replace graphite as anode in Li ion cells. Tin based
materials represent such a promising material [1e3], with a theo
retical speciﬁc capacity of 994 mAh g1 for metallic Sn. Addition
ally, carbonaceous materials like hydrocarbons, CxHy, have been
reported [4e11], characterized by a speciﬁc capacity depending on
the H/C ratio. Values of up to 800 mAh g1 are commonly reported.
Chen et al. [9] are ﬁnding speciﬁc capacities of about 3400mAh g1,
and Fey et al. [10] even report a speciﬁc capacity around
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4765 mAh g1. Because the tin based materials suffer from a huge
volume change during cycling and, therefore, a degradation of the
speciﬁc capacity, the challenge is to keep the promising initial ca
pacities constant for many cycles. The aim of this work is to
improve the cyclic stability by targeted materials design. Our
approach is to use nanoparticulate composites. We expect such
materials to beneﬁt from the nanoporous morphology, featuring
locally free space to compensate volume changes during the
charging/discharging process, as it was reported elsewhere [12e
16]. The targeted synthesis of a nanoparticulate composite mate
rial like tinehydrocarbon should minimize the degradation, as the
hydrocarbon can act as a buffering system and also contribute itself
to the whole capacity of the composite. Additionally, the additive
VC in the electrolyte is able to form an SEI layer, which is more
stable comparing to the standard electrolytewithout additives. This
enhancement of the SEI can also minimize the already mentioned
degradation of speciﬁc capacity.
The electrochemical investigation was performed on nano
particulate electrode material, synthesized by means of the Karls
ruhe Microwave Plasma Process (KMPP) [17] and deposited onto
the Ni current collector directly out of the KMPP particle stream. To
investigate the electrochemical performance tailored tests were
designed, addressing the main parameters temperature and cur
rent density, as well as the additive vinylene carbonate (VC) to the
electrolyte. Complementary chemical post mortem analysis were
performed by X ray diffraction (XRD) and X ray photoelectron
spectroscopy (XPS) to investigate several reaction steps taking
place in the discharging process with respect to the chemical
composition of electrode surfaces. These studies are complemented
by scanning electron microscopy (SEM) and energy dispersive X
ray spectroscopy (EDS) to get information on the morphology and
element distribution as well.
2. Experimental
2.1. Electrode synthesis and material characterization
The Karlsruhe Microwave Plasma Process was used for the
synthesis of electrodes. The principles of the process are described
elsewhere [17]. Water free tetra n butyltin, Sn(C4H9)4, (94%, ABCR,
Karlsruhe, Germany) was used as a precursor with a feeding rate of
5 ml h1 and pure Ar (99,9999%, Air Liquide, Düsseldorf, Germany)
with a gas ﬂow rate of 5 l min1 as carrier gas. The power of the
microwave was set to 700 W and the system pressure to 12 mbar.
These special parameters are expected to yield in nano composite
material consisting of tin based particles combined with hydro
carbons, CxHy, stemming from the organic precursor. The presence
of the hydrocarbons was shown in previous work [18] using the
same organometallic precursor, but AreO2 gas mixture as reaction
and carrier gas, yielding in a SnO2eCxHy nanocomposite.
The resulting composite particles were deposited as a porous
nanoparticle ﬁlm onto 300 C preheated Nickel current collector
substrates, showing good adhesion onto the collector. Thus, addi
tional slurry systems in combination with carbon black or binder
are not necessary. Besides the deposition, powder of the composite
material was collected by thermophoresis for further character
ization. The weight ratios of the composite material were investi
gated by thermogravimetric analyses coupled with differential
scanning calorimetry (TGAeDSC) on a Jupiter STA 449C (Netzsch,
Selb, Germany). The samples were treated in synthetic air with a
heating rate of 5 K min1 from RT to 1000 C. The material shows a
weight ratio of 65 wt% Sn and 35 wt% hydrocarbons. The H/C ratio
of the composite material was investigated by HCN analyses on an
elemental analyzer for microsamples, LECO CHNS 932 (LECO,
Mönchengladbach, Germany). The H/C ratio, including a correction
of water content of 2 wt% (TGAeDSC at 150 C) was measured to be
around 1.6.
2.2. Cell assembling
All electrodes were assembled as Swagelok type half cells in an
argon ﬁlled Unilab glove box (MBraun, Garching, Germany). To
reduce moisture, stemming potentially from the synthesis itself
and the sample electrode transport into the glove box, respectively,
all electrodes were dried in a vacuum oven (Vakucenter VC20,
Salvis Lab, Rotkreuz, Germany) for 2 h at 140 C. A glass ﬁber
(Whatman,Maidstone, England) was used as separator, and lithium
foil (Alfa Aesar, Ward Hill, USA) as counter and reference electrode.
Two different electrolytes were used. The ﬁrst electrolyte is a
commercially available solution of 1 M LiPF6 in ethylene carbonate
(EC) and dimethyl carbonate (DMC) (50:50) and was obtained from
Merck (LP 30, Merck, Darmstadt, Germany). For the second elec
trolyte, vinylene carbonate (VC) (97%, Sigma Aldrich, St. Louis, USA)
was added to the commercial electrolyte. This resulted in a
composition of 1 M LiPF6 in EC, DMC and VC (45:45:10). Prior to the
cycling tests all cells were stored for 24 h after assembling to ensure
complete wetting of the electrode.
2.3. Electrochemical performance
All electrochemical tests were performed using a Lithium cell
cycler (LICCY, KIT, IPE, Germany) in a voltage range between 0.1 and
2.8 V vs. Li/Liþ. Additionally, electrochemical impedance spectros
copy (EIS) was carried out on a Zahner Zennium (Zahner Elektrik,
Kronach, Germany) to investigate selected electrochemical re
actions in more detail, in particular the SEI formation. For these
investigations cells were discharged down to 0.1 V prior to EIS. The
frequency used for the impedance measurements was in the range
of 100 kHz to 10 mHz and the signal amplitude was set to 5 mV.
Current density and temperature were varied in order to
investigate the electrochemical performance of the cells in different
environmental conditions. The temperature variation was done by
placing the respective half cells either in a reasonable air
conditioned room (RT), into a drying oven (Heraeus T6060,
Thermo Electron LED, Langenselbold, Germany), or into a modiﬁed
conventional refrigerator. Details of the different experimental
parameters are summarized in Table 1.
Table 1
Investigated half-cells and the corresponding information concerning electro-
chemical characterization.
Cell Electrolyte Active
mass
(mg)
Temperature
(number of cycles)
Current density
[mA g 1]
(number of cycles)
EIS, after
discharge
cycle
a LP30 0.2 RT (50) 41 (50)
b LP30 þ VC 0.3 RT (50) 41 (50)
c LP30 0.5 RT (3) 41 (3) 1; 2; 3
d LP30 þ VC 0.3 RT (3) 41 (3) 1; 2; 3
e LP30 þ VC 0.3 RT (60) 41 (15)
82 (10)
164 (10)
821 (10)
41 (15)
f LP30 þ VC 0.3 RT (11) 41 (50)
40 C (10)
RT (12)
5 C (9)
RT (8)
g LP30 þ VC 0.2 RT (3) 41 (4) 2; 3; 4
40 C (1)
h LP30 þ VC 0.8 RT (0.5; 2.8 V 0.8 V) 41 (0.5; 2.8 V 0.8 V)
i LP30 þ VC 0.7 RT (0.5; 2.8 V 0.25 V) 41 (0.5; 2.8 V 0.8 V)
2.4. Targeted electrochemical cycling for post mortem
investigations
To investigate the several reaction steps occurring in the dis
charging process, two electrodes (Table 1, cells (h) and (i)) were
synthesized, assembled with VC containing electrolyte and dis
charged to different speciﬁc potentials. The ﬁrst cell was discharged
from 2.8 to 0.8 V, just after the potential where the reduction of
SnIIO and the electrolyte is expected, the second one from 2.8 down
to 0.25 V, the potential after the expected alloying with lithium.
For the post mortem characterization of the electrode material
the cycled half cells were disassembled and rinsed in the glove box
using DMC. To avoid atmospheric contact after disassembling, the
electrodes were transported in gas tight transfer boxes. In case of
XRD a special gas tight sample holder was used, in case of XPS a
glove box attached to the instrument was available.
Phase composition of the deposited and dried layers, as well as
the cycled layers was evaluated using X ray diffraction (D8
Advanced, Bruker Corporation, Billerica, USA). To investigate layer
morphologies and elemental composition, a ﬁeld emission scan
ning electron microscope (FE SEM, Zeiss Supra 55, Zeiss, Oberko
chen, Germany) equipped with an energy dispersive X ray
spectrometer (EDS, EDAX, AMETEK, Mahwah, USA) was used. The
acceleration voltage was set to 2 kV for imaging and 15 kV were
used for EDS elemental mapping. The samples were investigated
without any sputter coating. The chemical composition of topmost
electrode surfaces was analyzed using X ray photoelectron spec
troscopy (XPS, K Alpha spectrometer, ThermoFisher Scientiﬁc, East
Grinstead, UK). Data acquisition and processing using the Thermo
Avantage software is described elsewhere [19]. All samples were
analyzed using a microfocused, monochromated Al Ka X ray source
(400 mm spot size). The K Alpha charge compensation system was
employed during analysis, using electrons of 8 eV energy and low
energy argon ions to prevent any localized charge build up. The
spectra were ﬁtted with one or more Voigt proﬁles (binding energy
uncertainty: 0.2 eV). All spectra were referenced to the C 1s peak
of hydrocarbon at 285.0 eV binding energy, controlled by means of
the well known photoelectron peaks of metallic Cu, Ag, and Au.
3. Results and discussion
Long term cycling data of two cells (Table 1, cells (a) and (b))
with different electrolyte compositions are depicted in Fig. 1. The
starting capacities of both cells are relative comparable to each
other. While the cell with LP30 electrolyte shows a pronounced
decrease of the speciﬁc capacity and large capacity differences
between discharge and charge (poor coulombic efﬁciency) espe
cially for the ﬁrst 10 cycles, the capacity of the cell with the addition
of VC seems to be more constant with coeval better coulombic ef
ﬁciency. The degradation of this compositematerial in combination
with LP30 was discussed in detail in our previous work [20]. In
addition, voltage proﬁles are shown in Figs. S1 and S2 (Supporting
information).
We assume the high capacity values can be attributed to the
properties of the composite material consisting of Sn and hydro
carbons. As already mentioned, hydrocarbons exhibit high speciﬁc
capacities, which depend on the H/C ratio [4e11]. Using the
measured H/C ratio of 1.6, a capacity resulting from the hydrocar
bon material of around 2450 mAh g1 can be estimated, when
extrapolating data from Zheng et al. [4,5] and Dahn et al. [11] (see
Supporting information, Fig. S3). High capacities of the hydrocar
bons in the same order of magnitude were already published by
Chen et al. [9] and Fey et al. [10], and therefore seem to be realistic.
Together with the values of Sn (994 mAh g1) a relative high spe
ciﬁc capacity of the composite material can be expected.
Looking at Fig. 1, it can be seen that the tin/hydrocarbon com
posite in combination with the LP30 þ VC electrolyte shows
improved electrochemical performance. This ﬁnding is supported
by the reports of several research groups [21e25], which also show
better electrochemical performance of lithium ion batteries when
using the additive VC in the electrolyte. These improvements are
generally attributed to the advanced properties of the formed SEI
[21e25]. This related SEI in VC containing electrolytes seems to be
more effective in preventing the electrolyte from an ongoing
degradation and therefore does not growwith cycling. Additionally,
the impedance of cells is found to be almost invariant at RT upon
cycling and the coulombic efﬁciency and irreversible capacity loss
are improved. Auerbach et al. [21] attribute the enhancing inﬂu
ence of VC on the electrochemical performance to the ability of VC
to form polymeric surface species during the course of its reduc
tion. Surface ﬁlms containing polymers are expected to be more
cohesive and ﬂexible, and thus provide better passivation proper
ties compared to surface ﬁlms formed in standard electrolytes
without any additives.
The SEI formation of cells containing VC in the electrolyte is
investigated in more detail using XPS. The C 1s, O 1s, and Li 1s
spectra of the pristine electrode and of the electrodes of two cells
cycled down to 0.8 V and 0.25 V (Table 1, cells (h) and (i)),
respectively, are shown in Fig. 2.
As already mentioned, and also described by Auerbach et al. [21]
and El Ouatani et al. [26], the improved electrochemical perfor
mance of VC containing cells can be explained by the ability of VC to
form polymeric surface species during the course of its reduction.
The components at an exceptionally high binding energy of O
1s 534.5 eV and C 1s 291.0 eV seems likely to originate from a
VC polymer. According to El Ouatani et al. [26] only the double
bond of VC is polymerized and a ring opening polymerization of
the VC does not take place. The VC polymer obviously is formed
during cycling, and its amount is doubled up during the cycling
from 0.8 to 0.25 V. However, the exact structure and composition of
this polymer still remains an open question. XPS measurements
proof, that this polymeric surface species are not formed in a cell
without VC. Comparison of the C 1s and O 1s spectra of electrodes
cycled with and without VC in the electrolyte is shown in the
Supporting information (Fig. S4).
Beside the VC based polymer, XPS proves that the formed SEI
also includes further decomposition products of the electrolyte.
After discharging from 2.8 to 0.25 V the XPS analysis of the
Fig. 1. Comparison of the electrochemical performance of cell (a) with pure LP30
electrolyte and cell (b) with LP30 þ VC. For details concerning cells see Table 1. Voltage
proﬁles of the 1st, 3rd, 5th, 10th and 30th cycle of both cells are shown in the
Supplementary section (Fig. S1).
electrode surface shows increasing peak intensities at 286.6 eV,
287.6 eV and 289.0 eV. These peaks appear in addition to themain C
1s component at 285.0 eV of hydrocarbons on pristine electrode
surfaces. In a good agreement with literature [27] these compo
nents can be attributed to alkoxy , ethereal , carbonyl , and alkyl
carbonate species. The corresponding O 1s peaks, cf. Fig. 2 at
531.6 eV, 532.1 eV and 533.0 eV corroborate these ﬁndings [28].
These compounds result from the direct decomposition of the
carbonates of the electrolyte (EC, DMC). The additional decompo
sition of the conducting salt (LiPF6) is proven by the appearance of
peaks ascribed to lithium ﬂuoride (F 1s at 685.1 eV) and several
ﬂuorinated lithium phosphate species (F 1s at 687.3 eV, P 2p at
134e137 eV) [28]. The Li 1s spectra of both cycled electrodes in
Fig. 2 show a rather broad main peak, containing various lithium
species. Due to the low sensitivity for lithium and only slight
binding energy shifts between different lithium species this peak
was not further deconvolved. Nevertheless, the Li 1s spectra of both
cycled electrodes show a tailing at lower binding energies. This
indicates the presence of Li2O and is also conﬁrmed by the corre
sponding O 1s component at 528.2 eV [29].
To prove the signiﬁcant difference of the SEI formation in a cell
with pure LP30 electrolyte (Table 1, cell (c)) and VC containing
electrolyte (Table 1, cell (d)), EIS results are compared after the ﬁrst,
second and third discharge cycle (Fig. 3). The semicircle at high
frequencies within the Nyquist plot is representing the resistance of
the SEI [27]. The aim of this measurement is to evaluate SEI related
resistance of the 2nd and 3rd cycle compared to the 1st one. For the
VC free electrolyte (Fig. 3a) the semicircle is increasing with
increasing cycling. The increasing resistance is due to the increasing
SEI thickness with cycling. In contrast, a pronounced inﬂuence of
VC in the electrolyte can be seen in Fig. 3b. The SEI formation occurs
only in the ﬁrst discharging cycle, as no increase of the SEI related
semicircle for the following cycles is visible. This behavior is in a
good agreement with results from Chen et al. [22].
Within the discharging process of the half cell, the Sn based
composite electrode material undergoes speciﬁc reactions with
both, the electrolyte, and the lithium of the counter electrode
occurring at related potentials. To evaluate the involved reactions in
more detail, the ﬁrst, second, and third discharging processes of the
cell with VC containing electrolyte (from Fig. 1) are depicted as a
differential capacity plot in Fig. 4 (speciﬁc capacity Csp vs. potential
U). In this diagram every peak is representing a chemical reaction.
Starting at 2 V, the ﬁrst region of reactions represents the reduction
of tin monoxide [30] and electrolyte [31,32] (formation of SEI) ac
cording to the reactions
SnIIO þ 2Liþ þ 2e/ Sn0 þ Li2O (1)
and
Electrolyte þ xLiþ þ xe/ SEI (2)
Reaction (2) is typically assumed to be irreversible, and is ex
pected in the ﬁrst discharging process only. In accordance, the
respective peak in Fig. 4 is only visible in the ﬁrst cycle. After this
cycle the coulombic efﬁciency is nearly constant and close to 99%
(see also Fig. 1, VC containing electrolyte). All subsequent reactions
in the differential capacity plot are representing the alloying of tin
and lithium, following the general reaction
Sn þ xLiþ þ xe/ LixSn (3)
Several alloy reactions can be seen in Fig. 4 and are summarized
in Table 2 together with the observed potential values. The
assignment is based on literature [12,30,33,34]. It can be seen that
the lithium richest alloy, Li22Sn5, was formed.
Following the discharging process, it is assumed, that the reac
tion after the lithiumetin alloying is attributed to the formation of
chemical bonds between hydrocarbons and lithium (LixHnCm). This
reaction was described in literature [4,5,8] to occur near 0 V vs.
Li/Liþ. While Mabuchi et al. [8] propose that the capacity arise from
the insertion of lithium within nanoscopic cavities of the material,
Fig. 2. C 1s, O 1s, and Li 1s XP spectra of a pristine electrode and electrodes cycled to 0.8 V (Table 1, cell (h)) and 0.25 V (Table 1, cell (i)), respectively.
Zheng et al. [4,5] describe, that the lithium atoms may bind on
hydrogen terminated edges of hexagonal carbon fragments, with
local geometries, analogous to the organolithiummolecule C2H2Li2.
To evaluate the involved phases during cycling, X ray diffraction
data of electrodes cycled to three selected potential steps are
shown in Fig. 5. The ﬁrst pattern shows the non cycled nanoparticle
ﬁlm deposited on Ni substrates, the second pattern shows an
electrode cycled from 2.8 down to 0.8 V (Table 1, cell (h)), and
ﬁnally, the third pattern shows an electrode cycled down to 0.25 V
(Table 1, cell (i)). The ﬁgure also includes the positions and related
intensities for the most expected phases.
For the non cycled material the occurrence of tetragonal Sn (t
Sn) and tetragonal SnO is found. Following the discharging process
down to 0.8 V the pattern is changing, according to Reaction (1).
However, only tetragonal Sn is observed, whereas Li2O could not be
detected, although the XPS investigation indicates the presences of
Li2O. One reason might be that the Li2O is amorphous or poorly
crystallized. Additionally, if Li2O is formed as a thin layer around the
Sn nanoparticles it will not be detectable using XRD. Further dis
charging down to 0.25 V causes again changes of the pattern. The
electrode at this potential obviously is a mixture of tetragonal Sn
and LiSn, representing the ﬁrst alloying reaction of Li and Sn. While
the differential capacity plot of the discharging process of this cell
shows that the lithium richest phase (Li22Sn5) ﬁnally is formed (like
in Fig. 4), this phase cannot be observed in the XRD measurements.
It cannot be excluded that this phase is formed as nano crystalline
material with sizes below the detection limit of XRD. Considering
that XRD measurements are performed after destroying the test
cells, modiﬁcations of the whole system occurring during the dis
assembling of the cells cannot be excluded. Nevertheless, XRD
patterns are showing phase changes during the discharging process
and the formation of LieSn alloys.
3.1. Inﬂuence of the current density on the speciﬁc capacity
Although the cycling properties of cells assembled with elec
trolytes containing the additive VC are promising at a constant and
low current density, the inﬂuence of the current density on the
speciﬁc capacity in this electrode system is obvious (Fig. 6).
Selected voltage proﬁles are shown in the Supporting information,
Fig. S5. While the current density is increased gradually, gradual
decreases in the speciﬁc capacity are observed. Moreover, with
increasing current density, the inclination of degradation becomes
steeper, too. This behavior is found to be most pronounced at a
current density of 821 mA g1. After 10 cycles with this current
density, the material seems to be damaged strongly. Even after
switching back to a current density of 41 mA g1 (the current
density which actually resulted in predominantly relative constant
capacities) degradation and fading of capacities continued, without
Fig. 3. Nyquist plots after the ﬁrst, second, and third discharge cycle with a) pure LP30
electrolyte and b) VC containing LP30 electrolyte. While the SEI in the pure electrolyte
is constantly growing with cycling, in the VC containing electrolyte the SEI formation is
completed already after the ﬁrst cycle.
Fig. 4. Differential speciﬁc capacity plots for the ﬁrst, second, and third discharging
processes of a cell with VC containing electrolyte (Table 1, cell (b)). Each peak repre-
sents a chemical reaction.
Table 2
Observed potentials vs. Li/Liþ and corresponding reactions to
tin and lithium alloys.
Potential vs. Li/Liþ (V) Alloy
0.66 LiSn
0.55 Li7Sn3
0.42 Li7Sn2
0.38 Li22Sn5
losing good coulombic efﬁciency. The reason seems to be a
destruction of the electrode, as shown by SEM (Fig. 7). The non
cycled electrode shows a homogeneous and crack free
morphology. This can be observed over the whole area and is
shown in Fig. 7a. After ﬁnishing the cycling measurement, a bulged
layer coveredwith cracks, can be clearly seen in Fig. 7b and c. Cracks
can lead to detachment of the material, accompanied by the loss of
electronic contact between active particles as well as between
active material and the current collector. Therefore, the amount of
material which is accessible for lithium storage decreases [12]. It is
assumed, that this destruction occur at a current density greater
than 164 but less than 821 mA g1 and is responsible for the
following degradation of the speciﬁc capacities.
3.2. Inﬂuence of temperature on speciﬁc capacity
The electrochemical performance of cells using VC is dependent
on the environmental temperature as well. Fig. 8 illustrates this
behavior. Selected voltage proﬁles are shown in the Supporting
information, Fig. S6. For the ﬁrst treatment at RT, a relative con
stant capacity behavior can be observed in agreement with Fig. 1
(LP30 þ VC). Increasing the temperature from RT to 40 C causes
a discrete capacity increase, but with ongoing cycling the degra
dation is becoming steeper. The initial increase of speciﬁc capacity
can be explained with a combination of reasons. The electrical and
the ionic conductivity of the electrolyte increase, respectively
[35,36]. At higher temperatures the viscosity of the electrolyte
decreases, so with increasing mobility of the ions the capacities
increase. Furthermore, the gradient of overpotentials (ohmic and
diffusion) is changing drasticallywhen changing the environmental
temperature. The overpotential (drop of potential) decreases with
increasing environmental temperature. Consequently, the potential
of the cell increases, resulting in a speciﬁc capacity increase. An
explanation of this initial increase of speciﬁc capacity due to tem
perature increase can be found in more detail in our previous work
[37].
With higher capacities at 40 C (11th cycle ca. 1435 mAh g1
compared to ca. 1587 mAh g1 in the 13th cycle) it can be assumed,
that more Liþ ions are introduced in the electrode. It is known, that
the introduction of Liþ ions causes huge volume changes in the Sn
material [38]. Consequently, the higher amount of Liþ ions,
resulting from increased Liþ mobility with temperature, increases
the volume change compared to RT, resulting in huger loss of active
material and hence decreased capacity for the following cycles.
Additionally, at 40 C enhanced electrolyte reduction (SEI for
mation) takes place [39]. This phenomenon is visible in Fig. 9a,
showing the differential capacity diagram of the 11th cycle (RT), the
13th cycle (40 C), and the 23rd cycle (again RT). The potential
range was set from 2 to 0.75 V, the region where the SEI formation
is expected. After switching the temperature to 40 C, an additional
peak in the region between 1.5 and 1 V appears. This region is
believed to be connected to the reduction of electrolyte (SEI for
mation). With switching the environmental temperature back to
RT, the peak according to SEI formation in Fig. 9a (23rd cycle) dis
appears. Coevally, the coulombic efﬁciency rises to the same value
as for the previous treatment at RT. According to this, the SEI is not
continuously formed at RT and consequently the capacities should
not degrade much. But, with ongoing cycling the speciﬁc capacities
degrade even at RT. The pretreatment at 40 C seems to have
already destroyed the electrode to a certain extent. Switching to
5 C, the capacities are becoming smaller and the same degradation
as before can be observed. The initial decrease of the speciﬁc ca
pacity can be attributed to the decrease of the electrical and the
ionic conductivity and also to the increase of the overpotentials at
5 C. Surprisingly, at 5 C a strong decrease of coulombic efﬁciency
in combinationwith very ﬂuctuating values can be observed. Fig. 9b
shows a differential capacity plot of the 33rd cycle (RT) and the
34th cycle (5 C). It can be seen that the poor coulombic efﬁciency
at 5 C cannot be attributed to the SEI formation, as no additional
peak of the reduction of electrolyte appears at 40 C, as shown e.g.
in Fig. 9a.
The inﬂuence of temperature on the electrochemical perfor
mance of this material in combination with the electrolyte LP30
was reported in previous work [37]. Looking at 0 C the coulombic
efﬁciency is nearly at 100%. The observed poor coulombic efﬁciency
in combination with ﬂuctuating values at 5 C in Fig. 8 must be
attributed to VC. Comparable investigations without VC presented
in Ref. [37] show a coulombic efﬁciency around 100%. One reason
might be that the melting point of VC is close to 19 C (given
compound speciﬁcation), and so the viscosity of the electrolyte
might change at 5 C. The switching again to RT causes a little
discrete capacity increase but the fading trend could not be
detained.
Fig. 5. X-ray diffraction patterns of a non-cycled electrode, an electrode cycled from
2.8 down to 0.8 V, and ﬁnally an electrode cycled down to 0.25 V. All patterns are
compared to JCPDS powder database.
Fig. 6. Inﬂuence of current density on speciﬁc capacity of a cell containing VC in the
electrolyte (Table 1, cell (e)). With increasing current density, the speciﬁc capacity
decreases accompanied by increasing degradation. Voltage proﬁles of the 1st, 5th, 10th,
20th, 30th, 36th, 38th, 40th and 50th cycle are shown in the Supplementary section
(Fig. S5).
To conﬁrm the enhanced electrolyte reduction (SEI formation)
at elevated temperatures, EIS was performed with a new cell after
cycling (Table 1, cell g). The resulting semicircles in the Nyquist plot
(Fig. 10) are representing the resistance of the SEI. It can be seen,
that the semicircles for both cycles at RT (discharging cycle 2 and 3)
are smaller than for the cycle at 40 C (discharging cycle 4). Hence,
the resistance of SEI at 40 C is larger compared to that at RT,
representing enhanced electrolyte reduction (SEI formation) at
elevated temperatures. With continuous cycling at elevated tem
perature the repetitive formed SEI may penetrate into pores of the
electrode and in addition may also penetrate into pores of the
separator. This may result in a decrease of accessible surface area
due to this continuous SEI formation [39].
In summary, at elevated temperature huger volume changes and
also enhanced SEI formation takes place. With diminishing the
amount of active material and also the accessibility of the electrode
in combination with increasing impedance, less Liþ ions can be
stored, resulting in a degradation of speciﬁc capacity for the
following cycles.
To have an optical proof of the SEI, a cell was characterized by
SEM after ﬁnishing the cycling experiments (Table 1, cell (f)). Fig. 11
shows the cross section SEM image of this electrode. In the regions
near the surface, a layer exhibiting different morphology in com
parison to the rest of the ﬁlm is clearly visible. This thin ﬁlm is
assumed to be the SEI layer.
EDS elemental mapping (Fig. 12) shows the elemental compo
sition of two different electrodes. A non cycled electrode is
compared with the electrode after ﬁnishing the temperature
cycling measurement (Table 1, cell f). The cross section view of
the non cycled electrode is obtained by scratching the layer with a
blade after synthesis. The cross section view of the cycled electrode
was possible without further manipulation, because some regions
of the ﬁlm cracked and some pieces were split out. The elemental
maps are superimposed images of the analyzed elements Sn, Ni, O
and C, respectively. In the pristine composite electrode the ele
ments Sn, C, and O are homogenously distributed. Additionally, Ni,
stemming from the current collector, is found in regions without
any electrode material.
For the cycled electrode the result is somehow different. The
element Sn is predominantly found only in the cross section of the
ﬁlm. Inside the cracks, which are distributed on the surface, only Sn
and Ni are detectable, whereas the surface of the ﬁlm is predomi
nantly consisting of C and O. This can be taken as a proof of a cover
layer on top of Sn and Ni, where Sn is representing the electrode
material and Ni the current collector. In accordance to the XPS
measurements, the assumption of a C and O containing SEI layer on
the surface of the electrode is conﬁrmed by SEM investigations and
EDS elemental mapping.
Fig. 7. SEM characterization of electrode surfaces before (a) and after ﬁnishing the cyclic measurement (b, c). Large destruction of the bulged electrode layer covered with cracks can
clearly be seen. It is assumed, that this destruction is responsible for the degradation of the speciﬁc capacities.
Fig. 8. Long term cycling measurement under different thermal conditions of a cell
containing VC in the electrolyte. Voltage proﬁles of the 1st, 5th, 13th, 30th and 37th
cycle are shown in the Supplementary section (Fig. S6).
4. Summary and conclusion
In this work a comprehensive electrochemical characterization
of tin based and hydrocarbon containing nano composite elec
trodes for Li ion cells was presented. The high speciﬁc capacities of
this material can be attributed to the presence of hydrocarbons
with an H/C ratio around 1.6. It was shown, that the additive VC in
the electrolyte improves the cycling performance, due to improved
SEI formation. XPS measurements led to the conclusion, that a VC
based polymer is produced during cycling. Moreover, XPS in
vestigations proved that the formed SEI additionally consists of
compounds originating from the decomposition of the electrolyte,
and the conducting salt as well. Variation of temperature during the
cycling demonstrated, that enhanced temperature enlarges the
speciﬁc capacity, but also the degradation. Additionally, when
increasing the current density, the capacity decreases. The best
electrochemical performance could be obtained using VC in the
electrolyte, and cycling at RT with a current density below
164 mA g1. In agreement with XPS measurements, EDS mea
surements showed that the SEI layer contains C and O. XRD
revealed the non cycled electrode to be a mixture of tetragonal Sn
and SnO. By crossing the potential of 0.8 V only metallic Sn ac
cording to the reduction of SnO and by crossing the potential of
0.25 V a mixture of metallic Sn and LiSn according to the lithiume
tin alloying reaction could be detected.
In conclusion, a good electrochemical performance of the tin
based hydrocarbon electrode material can be expected using a VC
containing electrolyte, current densities below 164 mA g1, and RT
as operating temperature.
Fig. 9. Differential capacity plots (a) extracted from cycling data of the 11th, 13th and
23rd cycles and (b) extracted from the 33rd and 34th cycles, respectively. The potential
range was set between 2 and 0.75 V, corresponding to the region of expected SEI
formation.
Fig. 10. Nyquist plot of EIS measurements at RT (2nd and 3rd cycle) and at 40 C (4th
cycle) of a cell containing VC in the electrolyte. At higher temperature the semi-circle
in the Nyquist plot is becoming large, meaning the resistance of the SEI increases. This
is a direct proof of enhanced electrolyte reduction and SEI formation.
Fig. 11. Cross sectional SEM image of the temperature-cycled Sn composite electrode
after cycling (Table 1, cell (f)).
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